We report the discovery of a new pulsating pre-He-WD in the EL CVn-type binary KIC 9164561. Light curve modeling and frequency analysis of the binary system were carried out based on short-cadence Kepler photometry. Combined with the radial-velocity solution, revised physical parameters of the binary system were determined. The component KIC 9164561B was confirmed to be a pre-He-WD star with
INTRODUCTION
Low-mass (   M M 0.45 ) white dwarfs (WDs) are mostly found in binary systems (Marsh et al. 1995) and are very likely products of strong mass-loss at the red giant branch stage of low-mass stars in binary systems before the onset of helium flash (Althaus et al. 2010 (Althaus et al. , 2013 Istrate et al. 2014) . Toward the end of the mass transfer phase, the donor star will have a degenerate helium core that is anomalously low enough to ignite helium. Low-mass WDs are expected to harbor He cores and are also known as He white dwarfs (He-WDs). The evolutionary computations of Althaus et al. (2013) show that the evolution of He-WDs depends strongly on their total mass and composition. Low-mass WDs with   M M 0.18 0.20
are predicted to remain as very thick H envelopes that sustain H nuclear burning via pp-chain and lead to long pre-He-WD phases with timescales of ∼10 9 years. For those with   M M 0.18 0.20 -, the pre-He-WD experiences multiple diffusion-induced thermonuclear flashes via CNO cycle and the hydrogen layer mass is gradually reduced. As a result, the remnant enters the final cooling track with a very thin H envelope, and the evolutionary timescale is rather short (∼10 7 years).
The asteroseismology of WDs can disentangle the internal structure of the stars (Fontaine & Brassard 2008; Winget & Kepler 2008; Althaus et al. 2010 ) and helps us to test the above theory and understand the formation and evolution of low-mass He-WDs in a detailed manner. The possible variability of lowmass WDs was first discussed by Steinfadt et al. (2010) . Subsequently, Córsico et al. (2012) and Córsico & Althaus (2014 conducted a series of theoretical studies concerning the pulsation properties of low-mass WDs. Observationally, since the first pulsating low-mass WD SDSS J184037.78+642312.3 was discovered by Hermes et al. (2012) , a total of seven such objects have been discovered to date (Hermes et al. 2013a (Hermes et al. , 2013b Bell et al. 2015; Kilic et al. 2015) . Very recently, Maxted et al. (2013 Maxted et al. ( , 2014 reported discoveries of multi-periodic pulsations from two very-lowmass pre-He-WDs in the EL CVn-type binaries WASP 0247-25 and WASP 1628+10. Given the small number of known pulsating low-mass WDs, searching for and studying such objects are of particular interest.
In this paper, we report the discovery of a new multi-periodic pulsating pre-He-WD in the eclipsing binary KIC 9164561. KIC 9164561 has an orbital period of 1.2670378 days, discovered by the Kepler mission (Prša et al. 2011) . Rappaport et al. (2015) presented ground-based follow-up spectroscopy of the star. The secondary component of the binary was identified to be a low-mass, thermally bloated, hot WD with a mass of   M 0.197 0.005 and a radius of   R 0.277 0.005 . As a contribution to the ongoing program of searching for and studying pulsations in Kepler eclipsing binaries, KIC 9164561 was initially compiled in our sample as an eclipsing system with a δ Sct-type component. Further analysis revealed that the multi-periodic pulsations must be from the pre-He-WD component. A comprehensive photometric solution and seismic analysis of the system were then carried out. We report the discovery in the present work.
LIGHT CURVE MODELING AND
THE SYSTEM PARAMETERS KIC 9164561 was observed by the Kepler satellite in both the long-cadence (LC) and short-cadence (SC) modes. For the purpose of this study, we used only the SC data, which were obtained in the 11th quarter of the Kepler mission observed from 2011 December 1 to 2012 January 4. The data were obtained from the database of the Kepler Eclipsing Binary Catalog, using with the detrended flux. We have examined the light curve and removed the outliers. With the ephemeris given in the Kepler Eclipsing Binary Catalog, we have computed the phases of all the SC measurements and folded the light curve of KIC 9164561. For clarity and to save the computation time, the light curve was further averaged into 2000 bins with the phase interval of 0.0005 as plotted in Figure 1 . The light curve of KIC 9164561 presents two transit-like sharp eclipses with flat light minima, showing a typical feature of EL CVn-type binaries (Maxted et al. 2014 ). The depths of the two eclipses were measured to be 0.0511 and 0.0286 mag. In addition to the light changes due to the eclipses, fast light variations are clearly seen.
In order to determine a reliable photometry solution for the binary system, we applied the Wilson-Devinney method (W-D, Wilson & Devinney 1971; Wilson 1979) for light curve modeling. The 2013 version of the W-D code with the Kurucz atmospheres (Wilson 1990; Kallrath et al. 1998 ) was employed. We applied the detailed treatment with a multiple reflection effect and a nonlinear limb-darkening law with the logarithmic form in the light curve synthesis. A circular orbit and synchronous rotation were assumed for the binary system.
For an eclipsing binary, the primary minima of the light curve at phase 0.0 generally correspond to eclipses of the hotter component by the cooler component. According to Rappaport et al. (2015) , KIC 9164561 contains an A7-type normal star (hereafter KIC 9164561A) orbiting a hotter pre-He-WD companion (KIC 9164561B). The primary eclipse must be due to that by KIC 9164561A. We then designated star 1 as KIC 9164561B and star 2 as KIC 9164561A in the binary model. Following Rappaport et al. (2015) , we fixed the surface temperature of star 2 as T 2 = 7870 K. The initial bolometric limb-darkening coefficients of the two components were taken from van Hamme (1993), the monochromatic ones in the Kepler band were adopted from Claret & Bloemen (2011) . The gravity darkening exponents were set as 1.0 for both stars, according to Lucy (1967) , and the bolometric albedos were taken to be
, following Rucinski (1969) . The mass ratio of the binary system was initially set as = M M 10.25 2 1
, based on the results of Rappaport et al. (2015) and was adjusted during the iterations. The free parameters in the binary model are the orbital inclination, phase shift, surface temperature of star 1, potentials, and the dimensionless luminosity of the two components.
The best-fit parameters of the light curve modeling are given in Table 1 . The synthetic light curve as well as the O-C residuals are presented in the top diagram of Figure 1 . The binary model gives a perfect fit to the observations, which is indicated by the distribution of the O-C residuals. Based on the photometric solution, the radial velocity curve contributed by Rappaport et al. (2015) was re-analyzed as shown in the bottom diagram of Figure 1 . It yielded a semimajor axis of   R 6.71 0.13 for the binary system. Combining the spectroscopic solution with the results of light curve modeling, the physical parameters including mass, radius, luminosity, and surface gravity of the two components were determined as given in Table 1 . The physical parameters derived for KIC 9164561B confirm the pre-He-WD nature of this star. The radius of KIC 9164561 is about 12 times that of a degenerate cool WD (Nelson & Rappaport 2003 ), suggesting that it could be quite thermally bloated. An extremely thick outer H envelope of the star could be expected.
FREQUENCY ANALYSIS AND PULSATION CHARACTERISTICS
With the derived photometric solution, time-resolved theoretical light curves due to eclipsing were computed. By subtracting the eclipsing light changes from the original observational data, we obtained the pure pulsational light variations. In order to investigate the pulsation nature in detail, we performed a frequency analysis of the residual light curve. The frequency analysis was carried out with the algorithm Period04 (Lenz & Breger 2005) , based on the discrete Fourier transform method. At each step of the iterative algorithm, we selected the frequency with the highest amplitude and computed a multi-period least-square fit to the data using all frequencies already detected. The data were then pre-whitened with the derived fit for further analysis. The algorithm stopped when no more significant frequency peaks could be detected above the confidence level in the residuals. Following Breger (1993) we adopted the criterion of a signal-to-noise ratio (S/N) 4 as the significance level. The frequency searching was taken in the frequency range from 0 to 800 μHz. We have also checked for frequencies up to the Nyquist frequency (more than 7000 μHz), but no signals were detected.
As a result, a total of 52 frequencies with significant confidence were detected; they are listed in Table 2 . The diagram in Figure 2 shows the amplitude spectra of the residual light curve with the binary model removed. The main pulsation variability of KIC 9164561 lies in the frequency region 200-350 μHz, with the dominant peak at m = f 313.4 Hz 1 . Beyond this range, a number of relatively weak signals appeared in the lower and higher frequency regions. Based on the detected frequencies, we have carried out a brief mode identification at the onset in order to search for the orbital splitting and combinational modes. The results show that the 
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peaks appearing at lower frequencies less than 200 μHz are mainly due to the remaining eclipsing and proximity effects for the imperfect removal, and are almost the harmonics of the orbital frequency. Meanwhile, the signals detected at higher frequencies ranging from 500 to 650 μHz can be identified as the combination of the pulsation modes detected in 200-350 μHz. Moreover, we have also identified three triplets and two doublets in the data. The separations among the two triplets centered at 313.42 μHz ( f 14 , f 1 and f 7 ) and 266.36 μHz ( f 40 , f 11 and f 15 ) are strictly equal to the orbital frequency ( m = f 9.13 orb Hz) within 0.01 μHz. Those of the third triplet ( f 22 , f 6 and f 29 ), as well as the two doublets, are just twice f orb .
The pulsations are somewhat simple and seem to be from one of the components. To distinguish which star contributes the light pulsations, we examined the light curve at the times of the eclipses. The bottom diagram of Figure 2 shows the amplitude spectra during the primary and secondary eclipses between 0 and 1000 μHz. Because of the strong aliasing from selecting only data during eclipses, the spectra present comblike structures. Since the binary system is in partial eclipses, as indicated by the photometric solution, the main pulsating signals observed in the top diagram of Figure 2 can be seen in both cases. There seem to be no significant differences visible in the two spectra. However, the pulsation signals determined in the data around the orbital phase 0.5 are obviously systematically more powerful than those detected around the phase 0.0 when the hotter component, KIC 9164561B, is partially blended. This strongly suggests that the intrinsic light pulsations of the binary system are very likely from the pre-He-WD star. KIC 9164561B is therefore the third pulsating pre-He-WD star after J0247-25B (Maxted et al. 2013 ) and WASP 1628+10B (Maxted et al. 2014) . With the derived mass and radius of KIC 9164561B, the mean density of the star is computed to be r r  = 9.67. Taking this value into the wellknown equation, r r =  Q P pul 1 2 ( ) , the pulsation constant of the dominant frequency is determined to be 0.36 days. This further indicates that the pre-He-WD star could be pulsating in g-modes.
For g-mode pulsators with high overtones (n ? 1), the periods of consecutive overtones should be equally spaced on scales of + l l 1 1 (
). For the case of KIC 9164561B, the mass and effective temperature of KIC 9164561B derived by the present study would suggest an asymptotic period spacing of DP 1 around 80 s based on the model calculations (Córsico & Althaus 2014 ). Among the detected frequencies listed in Table 2 , we have identified 3 orbital harmonics, 6 combinations and 8 probable splitting modes. Leaving these out, we obtained 35 probable eigenmodes of the pulsator. The Kolmogorov-Smirnov (KS) test method (Kawaler 1988) was then applied to search for the probable equal period spacing between 1 and 500 s. The KS test results for the range of 20-200 s are shown in the top panel of Figure 3 . It presents a strong minimum of period spacing at 80.87 s. This value is in perfect agreement with the model predictions. We can then identify the period spacing of 80.87 s with l = 1 modes. The multiplet structures detected in the data suggest that f 1 and f 11 are very likely modes of l = 1 with m = 0. This possibility is supported by the fact that -´D P  P P1 7 11
1 . Taking f 1 as the reference, we performed a survey of the period differences of all the detected frequencies with the relation = + DP´D P P k k 0 1
. A total number of 8 probable l = 1 modes with m = 0 were identified with dispersions less than 5 s. They are presented in the echelle diagram in the bottom panel of Figure 3 . The small departures could be due to mode trapping by probable composition gradients within the star.
As f 1 and f 11 are both l = 1 modes, the two well-defined triplets centered at them could be expected to be rotational splittings. The average spacing of the two triplets is measured to be 9.13 μHz, which just equals to the orbital frequency of the binary system, indicating that the pre-He-WD component is in synchronous rotation. For stars with radiative envelopes, the synchronization time can be estimated following Claret et al. (1995) : ( )
With the system parameters derived in the present study, a synchronization time of t 3.1 10 syn 6 years for the pre-He-WD star KIC 9164561B can be estimated. The synchronization time is significantly shorter than the evolutionary timescale of the low-mass WD stars by an order of 1-3 mag. The synchronous rotation of KIC 9164561B is expected. Rappaport et al. (2015) carried out a simple binary model to synthesize the light curve of KIC 9164561 based on the Kepler LC data. Only the light changes during eclipses were modeled. The out-of-eclipse phases were approximately fitted with the set of trigonometric terms of the orbital frequency and its harmonics. Nevertheless, the authors determined precise physical parameters for the binary system. Applying the Wilson-Devinney method, we established a comprehensive eclipsing model for the system based on the Kepler SC photometry, which gives perfect synthesis to both the light and radial velocity curves. The results are in good agreement with Rappaport et al. (2015) and confirm the low-mass, pre-He-WD nature of the component KIC 9164561B.
SUMMARY AND DISCUSSION
The short-term light variations, in addition to the eclipsing of KIC 9164561, have been noted by Rappaport et al. (2015) . Through an examination of the Fourier transform based on the Kepler LC data, the authors found a set of probable pulsations at frequencies 20 day 1 , but they did not present any detailed frequency analysis. Taking advantage of the high duty-cycle of the Kepler SC data, we explicitly detected the light pulsations in addition to the eclipses. A comparative test of the light curve at the times of the eclipses showed that the pulsations were very likely contributed by the pre-He-WD component rather than the normal A-type star. We thus claim that KIC 9164561B is a new member of pulsating pre-He-WD stars.
By subtracting the binary model from the observations, we obtained the light variations due to intrinsic stellar pulsations. A frequency analysis showed multiple periodicities of the remaining light residuals. A total of 52 significant frequencies, including a number of orbital harmonics, rotational splitting, and combinational modes, were detected in the frequency range from 146 to 616 μHz, with the dominant frequency at m = f 313.4 Hz 1 .
Connecting with the binary model, the pulsation properties were discussed. This suggests that KIC 9164561B could pulsate in g-modes with an equal period spacing of DP = l 1 = 80.87 s. Based on the frequency splitting, the rotational period of the pre-He-WD star was calculated, which is found to equal to the orbital period, indicating that the pulsating star is in synchronous rotation. Córsico & Althaus (2014) computed the adiabatic pulsation modes of a set of low-mass He-Core WDs. They found that the period spacing of g-modes in low-mass He-core WDs strongly depends on the stellar mass and suggested that it might be used to infer the stellar mass of pulsating low-mass WDs, although the temperature and thickness of the outer H envelope must be taken into account. Very recently, presented a detailed nonadiabatic pulsation study for pre-He white dwarf stars. KIC 9164561B is located well inside the instability strip predicted by the authors. The average period spacing of DP = l 1 = 80.87 s detected from observations would suggest a mass around 0.21M e for the pulsating WD, with an effective temperature of about 10,600 K according to the model calculations of . This in turn supports the reliability of our photometric solution determined for the binary system. This work is supported by the National Natural Science Foundation of China (NSFC) and the NSFC/CAS Joint Fund of Astronomy through grants 11373037, U1231202, and U1331121. J.N.F. and A.B.R. also acknowledge the support of the National Basic Research Program of China (973 program 2014CB845700 and 2013BC8834900). The authors are grateful to Drs. Córsico and Althaus for providing their model calculations of pulsating pre-ELM WDs.
